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ABSTRACT
We present an improved semi-analytic model for calculation of the broad optical emission-line signa-
tures from sub-parsec supermassive black hole binaries (SBHBs) in circumbinary disks. The second-
generation model improves upon the treatment of radiative transfer by taking into account the effect
of the radiation driven accretion disk wind on the properties of the emission-line profiles. Analysis of
42.5 million modeled emission-line profiles shows that correlations between the profile properties and
SBHB parameters identified in the first-generation model are preserved, indicating that their diag-
nostic power is not diminished. The profile shapes are a more sensitive measure of the binary orbital
separation and the degree of alignment of the black hole mini-disks, and are less sensitive to the SBHB
mass ratio and orbital eccentricity. We also find that modeled profile shapes are more compatible with
the observed sample of SBHB candidates than with our control sample of regular AGNs. Furthermore,
if the observed sample of SBHBs is made up of genuine binaries, it must include compact systems with
comparable masses, and misaligned mini-disks. We note that the model described in this paper can
be used to interpret the observed emission-line profiles once a sample of confirmed SBHBs is available
but cannot be used to prove that the observed SBHB candidates are true binaries.
Subject headings: galaxies: active — galaxies: nuclei — methods: analytical — quasars: emission lines
1. INTRODUCTION
Gravitationally bound supermassive black hole bina-
ries (SBHBs) are a product of galaxy mergers and pro-
genitors of coalescing binaries, considered to be the prime
sources for future space-based gravitational wave (GW)
detectors. Expectations for detection of gravitational ra-
diation from SBHBs have recently been raised by de-
tections of their smaller counterparts, accomplished by
the Laser Interferometer Gravitational Wave Observa-
tory (LIGO), and by selection of the Laser Interferome-
ter Space Antenna (LISA) for the large-class mission in
the European Space Agency science program. In light
of these developments, the rates at which SBHBs form
and evolve to coalescence remain important open ques-
tions in black hole astrophysics. At the present time, the
best avenue to address them is through electromagnetic
observations and theoretical modeling.
This work is directly motivated by the ongoing spec-
troscopic searches, which have so far identified several
dozen candidates for SBHBs with sub-parsec orbital sep-
arations. They rely on detection of the Doppler shift
in the emission-line spectrum of an SBHB that arises
as a consequence of orbital motion. In the context of
the binary model, the Doppler shifted broad emission-
lines are assumed to be associated with the gas accre-
tion disks that are gravitationally bound to the indi-
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vidual SBHs (Gaskell 1983, 1996; Eracleous & Halpern
1994; Bogdanovic´ et al. 2009; Shen & Loeb 2010). The
main complication of this approach is that the Doppler-
shift signature is not unique to SBHBs (e.g., Popovic´
2012). To address this ambiguity, more recent spectro-
scopic searches have been designed to monitor the offset
of the broad emission-line profiles over multiple epochs
and to target sources in which the modulation in the off-
set is consistent with orbital motion (Bon et al. 2012,
2016; Eracleous et al. 2012; Decarli et al. 2013; Ju et al.
2013; Liu et al. 2014; Shen et al. 2013; Runnoe et al. 2015,
2017; Li et al. 2016; Wang et al. 2017). The searches
of this type, with yearly cadence of observations, are in
principle sensitive to a subset of SBHBs with orbital sep-
arations . 104 Schwarzschild radii. For every one SBHB
in this range there should be hundreds of gravitationally
bound systems with similar properties, at larger separa-
tions (Pflueger et al. 2018).
While the focus of the spectroscopic searches and other
observational approaches has so far been on detection of
SBHBs, an equally important question is: what can be
learned once a statistically meaningful sample of bina-
ries is available? In order to aid interpretation of spec-
troscopic searches for SBHBs, in a study preceding this
one (Nguyen & Bogdanovic´ 2016, hereafter Paper I), we
developed a semi-analytic model to describe the spectral
emission-line signatures of SBHBs in circumbinary disks.
In Paper I, we have calculated a synthetic database of
nearly 15 million broad optical emission-line profiles and
explored the dependence of the profile shapes on charac-
teristic properties of SBHBs. The main finding is that
modeled profiles show distinct statistical properties as a
function of the semimajor axis, mass ratio, eccentricity of
the binary, and geometry of the circumbinary accretion
flow. This suggests that the broad emission-line profiles
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associated with SBHBs can, in principle, be used to infer
the distribution of these parameters and as such merit
further investigation.
The database of modeled profiles presented in Paper I,
however, could not be easily compared to the observed
profiles of SBHB candidates. This is because it contains
more diverse profile morphologies (reflected in 38− 57%
of profiles with multiple peaks), and on average broader
profiles than the observed SBHB candidates or a non-
binary population of active galactic nuclei (AGNs). A
majority of observed AGNs are characterized by single-
peaked, broad emission-line profiles and only about 3%
have double-peaked profiles (Strateva et al. 2003). The
published data on SBHB spectroscopic candidates so far
do not show conclusive evidence for departure from this
trend.
This discrepancy suggests that not all relevant physical
phenomena have been captured by our first-generation
model, a realization that has motivated an improved
treatment of radiative transfer effects, presented in this
work. Here, we investigate the effect of radiatively driven
outflows from the accretion flow on the appearance of the
emission-lines. Specifically, we calculate the emission-
line profiles by taking into account propagation of line
photons through the disk wind, re-evaluate the diagnos-
tic power of broad emission-lines, and carry out a com-
parison of the observed and modeled profile samples.
This paper is organized as follows: we describe im-
provements in the new model in § 2, present the results
in § 3, provide comparison of the modeled and observed
profiles in § 4, discuss implications of our findings in § 5,
and present our conclusions in § 6.
2. DESCRIPTION OF THE MODEL
2.1. SBHB in the circumbinary disk
This work builds upon the model of a SBHB in a cir-
cumbinary disk presented in Paper I. We summarize the
most important properties of this model here and refer
the reader to Paper I for more detail. The accretion flow
around the SBHB is described as a set of three circu-
lar, Keplerian accretion disks: two mini-disks that are
gravitationally bound to their individual SBHs, and a
circumbinary disk. The three disks are modeled as inde-
pendent broad line regions (BLRs), where the size of the
two mini-disks, as well as the central opening in the cir-
cumbinary disk are constrained by the size of the binary
orbit and are subject to tidal truncation by the binary
SBH, as described in Paper I.
We assume that each of the two accreting SBHs can
shine as AGN and illuminate their own mini-disk as well
as the two other disks in the system. The bolometric lu-
minosity of each AGN correlates with the accretion rate
onto its SBH and photoionization by the AGN gives rise
to the broad, low-ionization optical emission lines just
like in “ordinary” BLRs (Collin-Souffrin & Dumont 1989,
1990). We establish the relative bolometric luminosities
of the two AGNs based on the published measurements
of accretion rates from simulations of SBHBs (Artymow-
icz & Lubow 1996; Gould & Rix 2000; Hayasaki et al.
2007; Roedig et al. 2011; Farris et al. 2014). The para-
metric model, adopted to describe the SBHB accretion
rate ratio in this work, can be found in equation 3 of Pa-
per I. The emissivity of each disk can then be evaluated
as a function of the accretion rate onto the SBHs and the
disk size.
In this model the circumbinary disk is aligned with the
SBHB orbit and we explore the effects of varying the rel-
ative orientation of the two mini-disks and the circumbi-
nary disk. This setup is of interest because gravitational
torques can cause precession while diffusive processes can
align the SBH spins and the mini-disks axes with the or-
bital axis, and so the alignment of the system may evolve
with binary separation (Miller & Krolik 2013; Hawley &
Krolik 2018). Furthermore, the entire system is allowed
to have arbitrary orientation relative to the observer’s
line of sight. This setup provides a variety of configura-
tions in which the three disks are illuminated by the two
AGN at different incidence angles. Note that disk mis-
alignment can lead to the “shielding” of one AGN by the
mini-disk associated with the companion SBH, as seen
from the perspective of a distant observer. We account
for this effect when such configurations arise by allow-
ing the blocked AGN to illuminate its own mini-disk and
the circumbinary disk but not the mini-disk of the other
SBH. On the other hand, we do not take into account
the eclipse of one disk by another, which can arise in
misaligned configurations.
We follow the emission-line profile calculations de-
scribed by Chen et al. (1989), Chen & Halpern (1989)
and Eracleous et al. (1995) to obtain an emission-line
profile from each disk in the weak-field approximation.
Contributions to the flux from the three disks are then
summed into a resulting emission-line profile according to
the calculation outlined in Paper I. Using this approach,
we create a database of profiles by drawing from a pa-
rameter space that describes physically motivated con-
figurations of SBHBs and their associated circumbinary
regions. In this work too, we focus on the Hβ emission-
line profiles, the second line of the hydrogen Balmer se-
ries, and note that this calculation is applicable to all
permitted, low-ionization broad emission-line profiles.
Table 1 summarizes the parameter choices used to
generate the second-generation database of profiles pre-
sented here. All but the final five parameters are identi-
cal to those used in Paper I to create the first-generation
database. We consider sub-parsec SBHBs with total
mass M = M1 + M2 and mass ratios q = M2/M1 ≤ 1,
where M1 and M2 are the mass of the primary and sec-
ondary SBH, respectively. Note that we do not explicitly
adopt a value for the SBHB mass, because the relevant
properties and results of our calculation scale with this
parameter (for e.g., any length scales and the monochro-
matic line flux defined in equation A1). The results are
nevertheless valid for a range of masses that correspond
to black holes powering regular, non-binary AGN (i.e.,
∼ 106 − 109M).
The binary orbits are characterized by a range of sepa-
rations given by the orbital semi-major axes, a, expressed
in units of M ≡ GM/c2 = 1.48 × 1013 cm (M/108M),
where we use the binary mass as a measure of length in
geometric units with G = c = 1. SBHBs are placed on
either circular or eccentric orbits, encoded by the orbital
eccentricity e. We choose five values to describe the or-
bital phase of SBHBs, f , which is measured from the
orbital major axis to the position of the secondary SBH
(see Paper I for an illustration of geometry).
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TABLE 1
Parameters of the model
Parameter Value
q 1 , 9/11 , 2/3 , 3/7 , 1/3 , 1/10
a/M 5× 103 , 104 , 5× 104, 105, 106
e 0.0 , 0.5
f 0◦, 72◦, 144◦, 216◦, 288◦
Rin1/M1, Rin2/M2 500 , 1000
Rout3 3a
i 5◦, 55◦, 105◦, 155◦
φ 0◦, 36◦, 108◦, 180◦, 242◦, 324◦
θ1, θ2 0◦, 30◦, 60◦, 105◦, 135◦, 165◦
φ1, φ2 0◦, 25◦, 60◦, 185◦, 210◦, 235◦
h1/M1, h2/M2 10
σ/km s−1 850
τ0 0 (10−4) , 0.1 , 1 , 102
λ(Rin) 10
◦
η 1.0
γ 1.2
b 0.7
Note. — q – SBHB mass ratio. a – Orbital semi-
major axis. e – Orbital eccentricity. f – Orbital phase.
Rin,i, Rout,i – Inner and outer radius of the primary, sec-
ondary, or circumbinary disk. i – Inclination of the ob-
server relative to the SBHB orbital angular momentum.
φ – Azimuthal orientation of the observer relative to the
SBHB major axis. θi, φi – Inclination and azimuthal ori-
entation of the primary and secondary mini-disk relative
to the SBHB orbital angular momentum. σ – Turbu-
lent velocity of the gas. τ0 – Normalization of the disk
wind optical depth. λ – Opening angle of the disk. η –
Power law index in the description of gas density. γ, b –
Parameters describing the wind velocity.
Rini and Routi represent the inner and outer radii of
the BLRs associated with the three disks, where the sub-
script i = 1, 2, 3 marks the primary, secondary, and cir-
cumbinary disk, respectively. In Table 1 the radii for the
circumbinary disk are scaled to the total mass, while for
the primary and secondary mini-disk they scale to the
relevant SBH mass, for convenience. The outer radii of
the two mini-disks range from approximately 700M to
5× 105M as a function of the binary orbital separation,
eccentricity and the mass ratio (see Paper I and Paczyn-
ski 1977). Furthermore, the size of the central cavity of
the circumbinary disk is assumed to be 2a (Lin & Pa-
paloizou 1979; Armitage & Natarajan 2005; MacFadyen
& Milosavljevic´ 2008). Because they are not free param-
eters of the model, the sizes of the mini-disks and the
radius of the central cavity of the circumbinary disk are
not listed in Table 1.
The orientation of the observer relative to the SBHB
orbit are given by the inclination and azimuthal angles, i
and φ, respectively (see Figure 17 of Paper I). i describes
the orientation of the observer’s line of sight relative to
the orbital angular momentum vector of the SBHB. For
example, i = 0◦ represents a clockwise binary seen face-
on and values i > 90◦ represent counter-clockwise bina-
ries. φ is measured in the binary orbital plane as the
angle from the major axis to the projection of the ob-
server’s line of sight.
Similarly, the angles θi and φi are used to describe the
orientations of the mini disks with respect to the orbital
angular momentum vector of the binary. For example,
when θ1 = θ2 = 0
◦, both mini-disks are coplanar with the
SBHB orbit, and when θi > 90
◦, the gas in the mini-disks
exhibits retrograde motion relative to the circumbinary
disk. The azimuthal angles φi are measured in the bi-
nary orbital plane, from the orbital major axis to the
projections of the mini-disk rotation axes. The orienta-
tion of the mini-disks is assumed to be “frozen” over one
orbital cycle of the SBHB (represented by a sequence of
orbital phases) and they are not allowed to precess. In
this model the circumbinary disk is assumed to always
be coplanar and in co-rotation with the binary orbit.
We also assume that the central source of the con-
tinuum radiation associated with each SBH is compact
and has spatial extent of hi = 10Mi. Similarly, we de-
scribe the broadening of the emission-line profiles due to
the random (turbulent) motion of the gas in each disk as
σ = 850 km s−1, a value appropriate for disk-like emitters
(e.g., Eracleous & Halpern 1994). The last five parame-
ters in Table 1 encapsulate the properties of the accretion
disk wind, which are discussed in the next section.
2.2. Disk wind model and parameter choices
The theory that the accretion flow itself is the source
of the broad emission lines is steadily gaining support
in the AGN community. Studies of the response of the
line profiles to changes in the flux continuum indicate
that the motion of the gas in the Hβ emitting BLRs of
most AGNs is consistent with the thick disk and orbits
that range from elliptical, to inflowing or outflowing tra-
jectories (Wills & Browne 1986; Bentz et al. 2009; Den-
ney et al. 2010; Grier et al. 2017; Williams et al. 2018).
Several works have demonstrated that disk models can
be used to describe emission from BLRs of most AGNs
when additional radiative transfer effects of the disk at-
mosphere on the emission-line profiles are accounted for
(Chiang & Murray 1996; Murray & Chiang 1997; Flohic
et al. 2012; Chajet & Hall 2013, 2017; Waters et al. 2016;
Mangham et al. 2017). The origin of broad emission lines
in the upper layer of an accretion disk, and the associ-
ated wind, is also compelling because the same wind sce-
nario has been invoked to explain the broad, blueshifted
absorption lines seen in the rest-frame UV spectra of a
subset of AGNs (Murray et al. 1995; Proga & Kallman
2004). More recently, it has also been used to explain the
existence of changing look AGNs (MacLeod et al. 2018).
The origin of the line-driven wind in AGNs is in the
inner accretion disk (r ∼ 1014 cm for ∼ 108M SBH),
where dense gas blocks the soft X-ray photons from the
compact source of continuum radiation but transmits UV
photons, which allows radiation pressure on resonance
lines to accelerate the outflow to ∼ 0.1 c (Murray & Chi-
ang 1997). The wind extends to larger radii in the disk,
where it affects the structure and kinematics of the BLR
gas. In this work, we explore this phenomenon in the
context of the low-ionization Hβ lines emerging from the
BLRs surrounding SBHBs. We assume the Hβ emission
region to be a very thin layer on the surface of the outer
accretion disk, which in AGNs extends from ∼ 1015 cm
to ∼ 1018 cm in radial direction. The emissivity above
the emitting layer drops abruptly because hydrogen be-
comes highly ionized as a result of the steep decline in the
density with height. The emissivity below the emitting
layer drops sharply because the flux of ionizing photons
from the central source at this depth is severely attenu-
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Fig. 1.— Illustration of the broad line region of a single SBH affected by the accretion disk wind, based on the model of Chiang &
Murray (1996). The compact source of continuum radiation (dashed circle) photoionizes the skin of an optically thick, geometrically thin
disk giving rise to the low ionization, broad emission-line layer. Before escaping to infinity, some emission-line photons are absorbed by the
accretion disk wind of finite optical depth, illustrated here as a set of streamlines lifting off the disk at the foot-point with radius rf at an
angle λ(rf ). Figure does not show the details of the inner accretion disk and is not to scale.
ated (see photoionization calculation in Appendix A of
Flohic et al. 2012).
Figure 1 illustrates the geometry of the BLR around a
single SBH in which emitted radiation is attenuated by
the accretion disk wind. The radiation pressure lifts the
gas from the surface of the disk and launches it along the
wind streamlines, each of which is anchored to the disk
at the foot-point with radius rf , measured from the cen-
ter of the disk in spherical coordinates. Each streamline
makes a small angle, λ, relative to the disk which de-
creases as a function of radius (Chiang & Murray 1996),
λ(r) = λ(Rin)
Rin
r
(1)
where Rin is the inner radius of each BLR (as defined in
Table 1) and λ(Rin) = 10
◦ is chosen for all three disks
(Flohic et al. 2012). Before escaping to infinity, some
low ionization emission-line photons are absorbed by a
low density accretion disk wind. The wind is highly ion-
ized and does not contribute significantly to the emission
of low-ionization lines but has a finite optical depth in
these lines, thus modifying the intensity and shape of the
emitted profiles.
Calculations of radiative transfer for outflows of this
type are often carried out in the limit of large veloc-
ity gradient (a.k.a., Sobolev approximation; Castor 1970;
Rybicki & Hummer 1978; Irons 1990; Hamann et al.
1993). In this regime the photons that are not absorbed
in the vicinity of the emission layer can escape to infin-
ity, provided that the velocity of the wind projected onto
the line of sight is monotonically increasing. Under such
circumstances the photons do not encounter multiple re-
gions along the line of sight where they can be absorbed.
Since accretion disk winds are expected to accelerate ra-
dially out (e.g., Proga et al. 2000; Proga & Kallman 2004,
and references therein), this condition is satisfied and the
Sobolev approximation allows one to uncouple the ab-
sorption layer (marked as a black strip at the bottom of
the wind streamlines in Figure 1) from the rest of the
wind. In this approximation, the characteristic thickness
of the absorption layer is given by the Sobolev length,
`S . The probability that the low-ionization line photons
escape the wind can then be estimated as a function of
the local parameters in this layer
βe(r, sˆ) =
1− e−τ(r, sˆ)
τ(r, sˆ)
, (2)
where r marks the location from which the photon is
emitted and the unit vector sˆ defines the direction of
the observer’s line of sight. The line optical depth of
the absorption layer, τ(r, sˆ), depends on the local mass
density of neutral atoms, ρ(r), opacity coefficient, κ(r),
and turbulent velocity, σ(r)
τ(r, sˆ) = κ ρ `S =
κ(r) ρ(r)σ(r)
|sˆ ·Λ(r) · sˆ| . (3)
Here, Λ is the wind velocity gradient tensor, which can
be represented by its symmetric part (the rate of strain
tensor) without changing the resulting inner product,
Q ≡ sˆ ·Λ · sˆ. Defined in this way, Q is the velocity gra-
dient of the wind along the line of sight. The model as-
sumes constant κ and σ within the thin absorption layer,
and the density is expressed as a power law in radius,
ρ = ρ0 (r/Mi)
−η, where ρ0 is a normalization constant.
Following Flohic et al. (2012), we adopt τ0 = κ ρ0 σ, in
which case equation 3 can be reduced to
τ =
τ0
|Q|
(
r
Mi
)−η
, (4)
where τ ≈ 5τ0 (7τ0) represents the optical depth of the
emission layer, along the direction perpendicular to the
disk plane (i = 0◦), at the inner edge of the BLR with
Rin,i = 500Mi (1000Mi), and assuming η = 1. Note
that equation 3 implies that Q must have units of inverse
time in order for the optical depth, τ , to be dimension-
less. Keeping up with the formulation of equations in
geometric units it follows that Q and τ0 in equation 4
(and hereafter) are expressed as dimensionless quantities
in terms of c3/GMi = M
−1
i , and are properties that in
this model decrease with the mass of the relevant SBH,
or in the case of the circumbinary disk, binary mass. The
details of this calculation, including the components of
the Λ tensor and the final expression for Q, are shown
in Appendix A.
In this work, the emission line profiles are calculated
for a range of optical depths, τ0 =
[
10−4, 102
]
, as shown
in Table 1. In addition, Paper I presents the emission-line
profiles with τ0 = 0 (the “no wind” scenario). Because
the profiles calculated with τ0 = 0 and 10
−4 are very
similar, we use them interchangeably. We have also ver-
ified that profile shapes remain unchanged for τ0 > 100
and we do not explore the values of optical depth be-
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yond this threshold. We further choose one value, η = 1,
to represent the radial dependance of the wind density,
after verifying that the impact of this parameter on the
profile shapes is relatively weak. See Appendix A for a
more detailed discussion about these parameter choices.
An additional ingredient necessary for this calculation
is the description of the poloidal component of the wind
velocity along a given streamline
vp(r) = v∞
(
1− b rf
r
)γ
. (5)
At the launching point on the surface of the disk (i.e.,
at the foot-point of the streamline), we assume that the
wind velocity is comparable to the Keplerian velocity in
the disk, vp(rf ) = (rf/Mi)
−1/2, resulting in a total speed
of the wind close to the escape speed from the SBH. A
choice of b = 0.7 and γ = 1.2, adopted here, then implies
that the wind accelerates to the terminal velocity v∞ ≈
4.7 (rf/Mi)
−1/2, which corresponds to v∞ ≈ 0.2 c for the
launching point at rf = 500Mi (see Appendix A.1). The
value of γ = 1.2 is consistent with the values inferred
from observations, which range from 1.06 to 1.3, from
quasars to Seyferts, respectively (Murray et al. 1995).
We assume that the disk wind driven by each AGN
extends over the entire surface of its BLR. It is not
clear however whether these outflows can extend from
the mini-disks into the circumbinary disk, especially in
configurations in which the disks are not co-planar. In
order to examine this effect we calculate profiles for three
different disk wind configurations, described below.
• NW – This is the “no wind” configuration pre-
sented in Paper I, which corresponds to a disk wind
model with τ0 = 0. In this limit, the probability of
escape for the line photons, defined in equation 2,
defaults to βe = 1. The NW database contains
nearly 15 million modeled profiles – 2,545,200 real-
izations of SBHBs on circular orbits and 12,273,000
on eccentric orbits.
• 2DW – A disk wind develops only along the two
SBH mini-disks and not in the circumbinary disk.
In this setup, we calculate profiles from SBHB sys-
tems on circular orbits and with three different
values of optical depth, τ0 = 0.1, 1, 100. The
2DW database contains about 7.5 million profiles –
2,545,200 realizations for every value of the optical
depth.
• 3DW – A disk wind is present in all three disks.
The circumbinary disk has an accretion disk wind
which is radial and axisymmetric, as if driven by
a single, central AGN. Here, we calculate pro-
files from circular SBHBs with τ0 = 0.1, 1, 100,
and from eccentric SBHBs with τ0 = 1. The
3DW database contains about 20 million profiles –
2,545,200 realizations of circular SBHBs for every
value of optical depth and 12,273,000 realizations
of eccentric SBHBs.
Combined together, the entire database contains about
42.5 million profiles that correspond to the same number
of SBHB configurations. Note that the nominal num-
ber of simulations per disk wind configuration is deter-
mined as a product of the number of parameter choices.
From these simulations we eliminate the ones in which
the orientation of any disk with respect to the observer
is close to edge on (between 80◦ and 100◦). We do this
to prevent the breakdown of the weak-field approxima-
tion, used in calculation of the photon Doppler shifts (see
equation 17 in Paper I). This selection criterion elim-
inates scenarios in which the impact parameter of the
line-of-sight photons flying over a SMBH becomes too
small (i.e., . 100Mi). Such photons experience signifi-
cant gravitational redshift and gravitational bending of
their trajectory. Because this happens in a small fraction
of all SBHB configurations that we consider, we do not
perform calculations of these effects in the strong field
regime.
We describe different models by labels that encapsulate
the description of the SBHB orbit, the disk wind model,
and the optical depth normalization value. For example
C-2DW-100 represents a set of profiles for SBHBs on cir-
cular orbits and a disk wind characterized by τ0 = 100 in
both SBH mini-disks but not in the circumbinary disk.
In contrast, E-3DW-1 refers to a database of profiles cal-
culated for SBHBs on eccentric orbits, where τ0 = 1 in
all three disks.
3. RESULTS
3.1. The effect of wind optical depth on profile peaks
In the next two sections we report properties of the
emission-line profiles produced in this work and com-
pare them to the first-generation model, in which radia-
tive transfer through the disk wind was not accounted
for. Figure 2 provides a comparison between the first-
and second-generation models in terms of the number of
peaks that characterize their emission-line profiles. In
the absence of a disk wind, each BLR can give rise to
a double-peaked broad emission-line profile. Therefore,
the combinations of three BLRs can produce a composite
broad profile with up to six distinct peaks, depending on
the relative motion of the BLRs with respect to the ob-
server. This is indeed reported in Paper I and shown in
Figure 2 in column “a” for each model. These columns
reflect the profile demographics in the NW model, which
corresponds to τ0 = 0, whereas cases “b”, “c” and “d”
correspond to the increasing optical depth in the disk
wind.
Figure 2 shows that in the absence of the accretion
disk wind, the fraction of multi-peaked profiles reaches
38% for SBHBs on circular orbits and 57% for eccentric
SBHBs. As reported in Paper I, SBHBs on eccentric
orbits tend to have profiles with a higher number of peaks
relative to the circular binaries with the same semimajor
axis because the eccentric SBHBs sample a wider range of
orbital velocities, allowing for a larger wavelength offset
of individual components in the composite profile.
The most important trend captured by Figure 2 is the
increase in the percentage of the single-peaked profiles
with the wind optical depth in each model. For example,
for SBHBs on circular orbits in the 3DW model the num-
ber of single-peaked profiles increases from 62% in the
τ0 = 0 case to 98% in the τ0 = 100 case. The remaining
2% of profiles in τ0 = 100 case are double-peaked pro-
files, and there are no profiles with three or more peaks.
A similar trend can also be found in the eccentric 3DW
model, where even a moderate optical depth (τ0 = 1)
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Fig. 2.— Percentage of single- and multi-peaked profiles in differ-
ent models calculated for SBHBs on circular and eccentric orbits.
In all models the number of single-peaked profiles increases with
the optical depth in the disk wind. SBHBs on eccentric orbits tend
to have profiles with a higher number of peaks relative to SBHBs
on circular orbits. Each column corresponds to a different value of
the optical depth, τ0: (a) 0, (b) 0.1, (c) 1 and (d) 100. Different
colors mark profiles with one to six peaks.
eliminates complex profiles with more than three peaks.
As mentioned in the introduction, the multi-peaked
profiles produced by the first-generation model do not
reflect the average properties of the observed sample of
SBHB candidates, or the general population of AGNs,
the majority of which tend to have broad but single-
peaked profiles. This discrepancy provided the main
motivation for further development of the model, which
now includes radiative transfer through the disk wind.
Figure 2 shows that this development results in model
profiles that are consistent with observations given some
appropriate value of τ0. For example, only about 3% of
observed AGNs exhibit the double-peaked broad optical
emission-line profiles (Strateva et al. 2003). If sub-parsec
SBHBs in circumbinary disks follow a similar trend, our
models indicate that their accretion disks must have out-
flows with substantial optical depths (τ0 > 1).
Estimating the fraction of double-peaked profiles in
the datasets obtained from the observational searches
for sub-parsec SBHBs is however non-trivial. For exam-
ple, the sample of candidates selected for spectroscopic
monitoring by Eracleous et al. (2012) and Runnoe et al.
(2015, 2017)5 includes only the sources which were in
the first epoch of observations characterized by single-
peaked emission-line profiles. Further analysis of this
sample has shown that after the subtraction from the Hβ
complex of the narrow Hβ line and [O iii] doublet, 17/88
(or about 20%) of SBHB candidates exhibit apparent
double-peaked broad Hβ line profiles. Because the sub-
traction of the narrow line components is not unique, it
introduces an uncertainty that can make the resulting
broad line appear double-peaked. We therefore conclude
that . 20% of the SBHB candidates in the E12 sample
5 We refer to it as the E12 search hereafter.
have line profiles that are truly double-peaked. If all of
these are shown to be genuine SBHBs, this would require
them to have disk winds with τ0 & 0.1.
It is interesting to note that in the 2DW model for
SBHBs on circular orbits, the number of single-peaked
profiles increases for optical depth τ0 = 0.1 but then
levels off for τ0 = 1 and 100. In this setup, the attenua-
tion of emitted radiation in the disk wind is only present
in the two mini-disks but not in the circumbinary disk.
Once the optical depth in the mini-disks becomes sub-
stantial, their emission is significantly attenuated relative
to the circumbinary disk. This is because re-emission of
the Hβ line photons absorbed in the wind is unlikely,
given that a hydrogen atom in n = 4 energy state can
reach the ground state via several different radiative de-
cay channels, can be radiatively or collisionally ionized,
and collisionally excited or de-excited. While some of
these processes may result in re-emission of the Hβ pho-
tons, their numbers should be considerably smaller rela-
tive to the number of absorbed ones. Consequently, the
circumbinary disk remains the dominant contributor to
the composite broad emission-line profile. Therefore, the
number of multi-peaked profiles is in the high optical
depth limit determined by the number of double-peaked
profiles contributed by the circumbinary disks.
3.2. Characteristic features of the modeled
emission-line profiles
Following the approach laid out in Paper I we analyze
the trends in the modeled group of profiles by character-
izing their shapes in terms of several commonly used dis-
tribution functions. These include the Pearson skewness
coefficient (AIP), full width at half and quarter maxi-
mum (FWHM and FWQM), peak shift (PS), and cen-
troid shift (CS), defined in equations 7–13 of Paper I. We
choose these properties among other distribution func-
tions because they provide robust measures of the domi-
nant features in the bulk of the profile. We avoid profile
shape parameters that rely on the wings on the line pro-
files as these are significantly affected by the noise present
in the observed spectra. For more detailed analysis of the
impact of the noise on spectral measurements and sta-
tistical distribution functions of profiles see Appendix C
in Paper I and Appendix in Runnoe et al. (2015).
In Figure 3 we visualize the distribution of profiles in
two-dimensional maps of AIP versus PS values calculated
for all models, including SBHBs on circular and eccentric
orbits, different wind configurations, and wind optical
depths. The color marks the number density of profiles
on a logarithmic scale and indicates which portions of the
parameter space are favored by the modeled profiles. By
definition, positive values of AIP indicate profiles skewed
toward short wavelengths, i.e., blue-leaning profiles, and
negative values indicate red-leaning profiles. Similarly,
negative values of PS indicate that the highest (or the
only) peak of the profile is blueshifted with respect to
the rest wavelength of the emission line and vice versa.
Inspection of the panels in Figure 3 reveals that in all
models a significant fraction of profiles are fairly sym-
metric (AIP ≈ 0) and likely to exhibit their highest
peak at wavelengths shorter than the rest wavelength
(PS < 0 km s−1). The latter is a consequence of rela-
tivistic Doppler boosting, which for each individual disk
preferentially boosts the blue shoulder of its emission-
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Fig. 3.— Maps of Pearson skewness coefficient vs. peak shift (AIP-PS) for profiles associated with models of SBHBs on circular and
eccentric orbits, different wind configurations, and wind optical depths. The first two rows depict profile distributions in the models with
SBHBs on circular orbits where there is no absorption of the broad emission-line photons by the disk wind (NW models), the absorption
occurs in the two mini-disks (2DW), or in all three disks (3DW). Third row shows the same for the models with eccentric SBHBs. In all
rows the wind optical depth increases from left to right, from τ0 = 0 (NW models) to 0.1, 1, and 100 for DW models. Color bar indicates
the density of profiles (i.e., the number of profiles in each area element) plotted on a log scale.
line profile, creating an effect that is also noticeable in
the composite profile. Another feature worth noting is
that in all but one sample (C-2DW-100), the profiles that
exhibit the strongest peak at shorter wavelengths are also
preferentially blue-leaning and vice versa. This is of in-
terest because this trend is also present in the sample of
SBHB candidates observed as a part of the E12 search
(see Figure 18 in Runnoe et al. 2015, and Section 4.1 in
this paper for further discussion).
It is worth noting that the distribution of profiles in the
model C-2DW-100 appears different with respect to the
others. This is because in this model the circumbinary
disk remains the dominant contributor to the composite
broad emission-line profile, while the emission from the
mini-disks is suppressed by the optically thick disk wind,
characterized by τ0 = 100. This model therefore includes
the profiles associated with the spatially extended cir-
cumbinary disk, which are mostly single-peaked, rela-
tively symmetric and narrow, compared to the unatten-
uated profiles from the mini-disks.
The most notable difference among different models
is that the AIP-PS distribution of profiles becomes nar-
rower with the increasing optical depth in the disk wind.
Specifically, the measured range of peak shifts calculated
in the C-3DW model for SBHBs on circular orbits is be-
tween −8000 and 8000 km s−1 in the scenario τ0 = 0 but
is in the narrower range from −6000 to 6000 km s−1 in
the τ0 = 100 scenario. Similarly, the AIP-PS distribu-
tion of profiles in the E-3DW model becomes narrower
with increasing optical depth.
Figure 4 illustrates how individual profiles change
when the optical depth in the disk wind increases. The
central panel shows the footprint of the AIP-PS distribu-
tions for C-NW and C-3DW-100 models. The gray color
represents the distribution in τ0 = 0 case, while the dis-
tribution overlaid in pink traces τ0 = 100 scenario. In the
central panel, the markers “a” and “b” trace the location
of profiles calculated for the same SBHB configurations
with zero and high optical depth, respectively. In all the
cases shown, the emission line profiles from the model
with τ0 = 100 tend to concentrate toward the center of
the AIP-PS distribution relative to the no wind scenario.
It follows that higher optical depth in the disk wind gives
rise to more symmetric profiles with a smaller number of
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Fig. 4.— Appearance of individual emission-line profiles in C-NW and C-3DW-100 models. Central panel: Following Fig. 3, gray color
represents the profile distribution for τ0 = 0, while the pink overlay marks the τ0 = 100 case. Markers “a” and “b” trace the location
of profiles calculated for the same SBHB configurations with zero and high optical depth, respectively. Surrounding panels illustrate the
appearance of profiles associated with markers in the central panel. In all cases, higher optical depth in the disk wind gives rise to more
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vertical line at 4860.09A˚ marks the rest wavelength of the Hβ emission line. For all profiles, total flux (black line) is a sum of components
contributed by the primary (red), secondary (blue), and circumbinary disk (green).
TABLE 2
Physical Parameters of Profiles Shown in Figure 4
Profile a q e Rin1 Rin2 i φ θ1 φ1 θ2 φ2 F
max
λ,b /F
max
λ,a
1 5000 0.818182 0.0 1000 1000 105 0 60 60 105 235 0.0011
2 5000 0.818182 0.0 500 1000 105 0 105 185 105 0 0.0013
3 5000 0.818182 0.0 1000 1000 105 0 60 0 135 235 0.0017
4 5000 0.666667 0.0 500 500 55 0 165 60 30 235 0.0029
5 5000 0.100000 0.0 500 1000 5 0 105 0 105 235 0.0014
6 5000 1.000000 0.0 1000 1000 105 0 135 0 165 60 0.0018
Note. — Fmaxλ,b /F
max
λ,a – the ratio between the maximum value of the flux for the attenuated profile in panel b
(C-3DW-100 model), and the corresponding profile in panel a (C-NW model), before they were normalized to 1.
peaks.
The surrounding panels in Figure 4 illustrate the ap-
pearance of individual profile pairs. Each composite pro-
file (represented by the black line) is a sum of components
contributed by the primary (red), secondary (blue), and
circumbinary disk (green). Furthermore, Table 2 lists
the relevant physical parameters used in the calculation
of profiles in Figure 4. It can be seen that the increase
in optical depth transforms the double-peaked profile in
panel 1a to a single-peaked profile in panel 1b, mainly
because the dominant component contributed by the pri-
mary mini-disk becomes single-peaked. A complex pro-
file in panel 4a, which includes comparable contributions
from the primary and secondary mini-disks, is reduced to
a smoother single-peaked profile in panel 4b. Similarly,
a triple-peaked profile in panel 6a, in which the emission
from the secondary mini-disk dominates, is reduced to
an asymmetric, double-peaked profile in panel 6b. We
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Fig. 5.— AIP-PS map for profiles associated with the eccentric SBHB model E-3DW-1 (top left). Remaining panels display the distribution
of profiles as a function of the alignment of the triple disk system, SBHB mass ratio, orbital separation, and inclination of the observer
relative to the binary orbit. Color bar indicates the density of profiles (i.e., the number of profiles in each area element) plotted on the log
scale. Grey color outlines the footprint of the entire distribution shown in top left panel. Black dashed contours in the top left panel are
drawn in increments of one, from 0.5 (outermost) to 3.5 (innermost). They correspond to the AIP-PS maps in the NW model (as shown
in Figure 7 of Paper I) and are included here for easier visual comparison.
also list in Table 2 the ratio between the maximum flux
value for attenuated profiles in panels “b” (τ0 = 100)
and the corresponding profiles in panels “a” (τ0 = 0),
before they were normalized to 1. The ratio between the
two cases is of the order of 10−3, indicating strong at-
tenuation of the absorbed profiles, relative to the NW
scenario. As noted in Section 3.1, if profile shapes of SB-
HBs follow a similar trend as regular AGNs (in terms of
the frequency of the single- and double-peaked profiles),
then their accretion disks must have outflows with opti-
cal depths τ0 > 1. In this case, we expect that finding
an SBHB characterized by a moderately high value of τ0
should not be uncommon. For objects with higher than
average value of τ0 however, it may be challenging to
disentangle the severely attenuated emission-line profile
from the continuum.
As previously mentioned, each profile associated with
one of the disks in the triple disk system is subject to
Doppler boosting and attenuation due to absorption in
the accretion disk wind. The imprints of these two phe-
nomena include boosting of the blue shoulder of an indi-
vidual profile (Doppler effect) and merging of the peaks
of an initially double-peaked profile into a narrower single
peak (absorption). These effects can still be recognized
in the composite profiles, albeit not as easily, because a
combination of three different profiles results in diverse
profile shapes. As a consequence, it is not obvious which
peak will dominate (or appear weakened) for a given bi-
nary configuration until the profile summation is done.
In terms of the relative contribution to the profile flux
from individual disks, the mini-disk of the larger SMBH
tends to dominate, because it has a larger surface area.
An exception to this is scenarios illustrated by the com-
posite profile number 6a/6b, in which the flux from the
secondary mini-disk dominates even though q = 1. This
“additional” line flux arises because of the illumination
of the misaligned secondary mini-disk by both AGNs.
The contribution to the profile flux from the circumbi-
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Fig. 6.— Maps of full width at quarter maximum vs. centroid shift (FWQM-CS) for profiles associated with eccentric SBHB systems in
model E-3DW-1. Black dashed contours in the top left panel correspond to the FWQM-CS maps in the NW model (as shown in Figure 11
of Paper I). The map legend is the same as in Figure 5.
nary disk is negligible in all configurations, because it is
further away from the two AGNs than the mini-disks,
and because it is co-planar with the binary orbit, and so
it intercepts only a small fraction of the AGN radiation.
3.3. Dependence of profiles on the physical parameters
of the binary
In this section we examine whether the profiles pro-
duced by the second-generation model preserve distinct
statistical properties as a function of the SBHB parame-
ters, as found for the first-generation models. This ques-
tion is of importance because modification of the broad
emission-line profiles by the accretion disk wind may
limit their diagnostic power by “erasing” the imprints
of the underlying SBHB configurations.
As mentioned in § 3.2, we use statistical functions (AIP,
PS, FWHM, etc.) to construct a multi-dimensional pa-
rameter space in which we place the modeled emission-
line profiles. Figures 5, 6, and 7 show the two-
dimensional maps, that represent different projections
through this parameter space. All maps in these three
figures are computed for model E-3DW-1 and are equiv-
alent to Figures 7, 11, and 15 in Paper I, which contain
corresponding maps for the NW model. The distribu-
tions from the NW model are shown by the black dashed
contours in the top left panel of Figures 5, 6, and 7, for
comparison. The remaining panels in these figures show
how the properties of modeled profiles vary as a func-
tion of the SBHB parameters, such as the alignment of
the triple disk system, binary mass ratio, orbital separa-
tion, and inclination of the binary orbit relative to the
observer.
Figure 5, for example, illustrates that profiles from SB-
HBs with wide orbital separations (a = 106M) tend
to be very symmetric and concentrated in the center
of the AIP-PS parameter space, while close binaries
(a = 5000M) lead to profiles with a much wider base.
Similarly, any SBHB configurations where the mini-disks
are coplanar with the binary orbit (and the circumbinary
disk, by assumption) are characterized by symmetric pro-
files with AIP ≈ 0, majority of which have the dominant
peak shifted toward the blue part of the spectrum, as a
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Fig. 7.— Maps of Pearson skewness coefficient vs. centroid shift (AIP-CS) for profiles associated with eccentric SBHB systems in model
E-3DW-1. Black dashed contours in the top left panel correspond to the AIP-CS maps in the NW model (as shown in Figure 15 of Paper
I). The map legend is the same as in Figure 5.
consequence of Doppler boosting. The misaligned sys-
tems are equally likely to be blue-leaning as well as red-
leaning and reside in the range of −0.4 . AIP . 0.4.
In contrast, profiles associated with SBHB systems with
different mass ratios (q = 1/10 and 1) and different ori-
entations of the binary orbit relative to the observer’s
line of sight (i = 5◦ and 105◦) show significant overlap
in their distributions. Similarly to the NW model, these
plots indicate that the most important SBHB parame-
ters that determine the degree of asymmetry and the po-
sition of the dominant peak in the emission-line profile
are the intrinsic alignment of the triple disk system and
the orbital semimajor axis. The only notable difference
between the profile distributions in models E-3DW-1 and
NW is that in the former, the systems with low q and i
show less asymmetry (−0.3 . AIP . 0.3) relative to the
NW model (−0.4 . AIP . 0.4).
Figure 6 shows FWQM-CS maps calculated for
emission-line profiles in the E-3DW-1 model. As in the
NW model the profiles exhibit a wide range of cen-
troid shifts, |CS| < 4000 km s−1, and can have broad
bases with FWQM < 30, 000 km s−1. In both models we
find that the location of the centroid is a strong func-
tion of a in the sense that profiles from close binaries
(a = 5000M) can have a significantly wider range of CS
values relative to the wide binaries (a = 106M). In the
E-3DW-1 model the semi-major axis also seems to be the
parameter that strongly affects the profile width, since
for wide separation binaries FWQM < 17, 000 km s−1,
considerably lower than for the entire sample of profiles.
Indeed, we find that on average the profiles in model E-
3DW-1 tend to be narrower than their counterparts in
the NW model, as a consequence of modification by the
disk wind of finite optical depth.
Figure 7 shows the AIP-CS projection of the parame-
ter space and the profile shapes in the E-3DW-1 model.
Similar to the previous maps, the statistical distributions
are a strong function of a, followed by the degree of
triple disk alignment marked by the angles θ1 and θ2.
This implies that AIP-CS maps calculated based on the
second-generation model can still be used as a relatively
sensitive diagnostic for these properties. The statistical
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distributions as a function of q and i are also distinct, so
the AIP-CS combination may also be used to constrain
these parameters, albeit with a somewhat larger degree
of degeneracy. The maps in the E-3DW-1 model there-
fore preserve the key features seen in the NW model.
In summary, we find that radiative transfer in the disk
wind does affect the overall shape of emission-line pro-
files by making them narrower on average and more sym-
metric in SBHB systems characterized by low q and i.
Despite these differences, all correlations between pro-
file distributions and the SBHB parameters identified in
Paper I are preserved, indicating that their diagnostic
power is not diminished. As before, we find that the
shapes of modeled emission-line profiles are a sensitive
function of the binary orbital separation and the degree
of alignment in the triple disk system. The synthetic pro-
files tend to be less sensitive (or more degenerate with
respect) to the SBHB mass ratio and orbital inclination
relative to the observer. We furthermore find a large de-
gree of overlap between the models of SBHBs on circular
and eccentric orbits and therefore do not expect that the
profile shapes alone can be employed as a useful diagnos-
tic of eccentricity. These findings can guide expectations
when it comes to the analysis of the spectroscopic SBHB
candidates in terms of the diagnostic value and limita-
tions of the emission-line profiles.
4. IMPLICATIONS FOR OBSERVATIONAL
SEARCHES
4.1. Comparison with SBHB candidates
In this section we compare the database of modeled
profiles to the emission-lines observed and published as
a part of the E12 search for SBHBs. The E12 cam-
paign searched for z < 0.7 SDSS6 AGNs with broad Hβ
lines offset from the rest frame of the host galaxy by
& 1000 km s−1. Based on this criterion, E12 selected 88
quasars for observational followup from an initial group
of about 16,000 objects. The followup observations span
a temporal baseline from few weeks to 12 years in the
observer’s frame. Their goal is to measure the epoch-
to-epoch modulation in the velocity offset of the Hβ pro-
files and to test the binarity hypothesis by ruling out any
sources in which this modulation is not consistent with
the SBHB orbital motion. After multiple epochs of fol-
lowup, statistically significant changes in the velocity off-
set have been measured in 29/88 candidates and reported
in the publications mentioned above. At present time,
this approach has highlighted several promising cases for
further followup but has not yet allowed to rule out the
SBHB hypothesis for any candidates.
We use a data set of broad optical emission-lines
(drawn from the E12 data set), which at the time of this
analysis included 330 multi-epoch spectra of 88 SBHB
candidates and 527 spectra for a control sample of 212
matching regular (non-binary) AGNs with similar red-
shifts and luminosities (see Runnoe et al. 2017, for de-
scription of the candidate and control sample). Figures 8,
9, and 10 show the distribution of these profiles in the
AIP-PS, FWQM-CS, and AIP-CS maps respectively. Be-
cause the observed samples of SBHB candidates and reg-
ular AGNs contain only a few hundred profiles each, we
6 Sloan Digital Sky Survey
perform adaptive smoothing of the maps, in order to
present them in the the same form as the synthetic data
(i.e., as a continuous distribution) that facilitates direct
visual comparison. Specifically, the smoothing has been
carried out using a two-dimensional (elliptical) Gaussian
function with the width scaled linearly with the profile
density from 1/10 to 1/3 of the standard deviation of the
relevant parameter. These maps can be compared to the
corresponding maps for modeled emission line profiles in
Figures 5, 6, and 7. For easier visual comparison, we also
overplot the contours representing these distributions in
Figures 8, 9, and 10.
For example, inspection of the AIP-PS maps for the
observed SBHB candidates and the sample of modeled
profiles suggests that both exhibit a negative linear cor-
relation in this projection of the parameter space (i.e.,
the blue leaning profiles have blueshifted peaks and vice
versa). It also follows that, if the observed sample con-
sists of genuine binaries, it must include smaller sepa-
ration SBHBs (a  106 rg) with misaligned disks. The
control sample of AGNs, shown in the right panel of Fig-
ure 8, on the other hand, does not show such a correlation
between the profile asymmetry and peak location and is
characterized by profiles with peaks that are predomi-
nantly centered on the rest frame of the host galaxy.
A comparison of the FWQM-CS maps in Figures 6
and 9 reveals that the observed SBHB candidates and
the synthetic sample both contain a large fraction of
profiles with a relatively broad base, characterized by
FWQM≥ 5000 km s−1. At the same time, most of the
profiles in the control sample of AGNs reside at much
lower values of FWQM. Figure 9 also shows that a ma-
jority of the SBHB candidates and regular AGNs posses
positive CS values, representing profiles with centroids
redshifted relative to the frame of the host galaxy by
∼ 1000 km s−1, on average. This prevalence of centroid
redshift is also present in the synthetic dataset but the
average centroid shift is somewhat smaller for modeled
profiles.
Figure 10 shows that a majority of the SBHB candi-
dates and regular AGNs posses emission-lines with pos-
itive CS and AIP values, indicating preferentially blue
leaning, asymmetric profiles with redshifted centroids.
In the case of the candidate SBHBs only, the blue lean-
ing profiles with redshifted centroids also tend to have
blueshifted peaks (see Figure 8), and they account for
about 30% of the synthetic database. In general, we find
this combination of properties in profiles in which rela-
tivistic Doppler boosting plays a role. A visual compar-
ison of the AIP-CS maps for the observed SBHB candi-
dates and the sample of modeled profiles suggests that,
if the observed sample comprises real binaries, it must
include compact SBHBs (a  106 rg) with misaligned
disks and high mass ratios, as well as the systems with
high orbital inclinations relative to the observer’s line of
sight.
4.2. Importance of illumination by two active black
holes (AGNs)
All emission-line profiles presented in this work have
been calculated assuming that both accreting SBHs can
shine as AGNs and illuminate their own mini-disk as well
as the two other disks in the system (see Section 2.1).
The effect of illumination of one mini-disk by a com-
Broad Emission-line Profiles from SBHBs in Circumbinary Disks 13
-0.4
-0.2
0
0.2
0.4
-12 -9 -6 -3 0 3 6 9 12
A
IP
PS (103 km s−1)
A
IP
-0.4
-0.2
0
0.2
0.4
-12 -9 -6 -3 0 3 6 9 12
PS (103 km s−1)
0
1
2
3
4
5
6
0
1
2
3
4
5
6
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Fig. 9.— FWQM-CS maps for profiles associated with the observed SBHB candidates (left) and a control sample of matching AGNs (right)
from the E12 search. Color bar indicates the normalized density of profiles plotted on the log scale. Black dashed contours correspond to
the FWQM-CS map in Figure 6 and are drawn in increments of one, from 0.5 (outermost) to 3.5 (innermost).
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Fig. 10.— AIP-CS map maps for profiles associated with the observed SBHB candidates (left) and a control sample of matching AGNs
(right) from the E12 search. Color bar indicates the normalized density of profiles plotted on the log scale. Black dashed contours correspond
to the AIP-CS map in Figure 7 and are drawn in increments of one, from 0.5 (outermost) to 3.5 (innermost).
panion AGN is most pronounced in binaries when their
mini-disks are misaligned with the SBHB orbital plane.
This geometry allows the companion AGN to effectively
illuminate the mini-disk of its neighbor at relatively large
incidence angles (& 30◦). As a consequence, in some con-
figurations, the incident flux from the companion AGN
on the mini-disk can be several times higher than that of
its resident AGN.
As pointed out in Paper I, illumination of the triple-
disk BLR by two AGNs can give rise to very asym-
metric profiles, with significant peak or centroid veloc-
ity shifts. These characteristics are preserved in the
second-generation model presented here, and after the
emission-line photons are propagated through the accre-
tion disk wind. As a result, all statistical distributions
shown in this work and in Paper I are sensitive functions
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Fig. 11.— AIP-CS maps for the emission-line profiles in the C-3DW-1 model (left), the scenario in which each AGN is only allowed to
illuminate its own mini-disk but not that of the companion SBH (middle), and in the scenario in which only the AGN associated with the
secondary SBH illuminates all three disks, and the primary AGN is assigned zero luminosity (right). Color bar indicates the density of
profiles plotted on a log scale.
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Fig. 12.— FWQM-CS maps with the same legend as in Figure 11.
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Fig. 13.— AIP-CS maps with the same legend as in Figure 11.
of the SBHB orbital separation and disk alignment. Be-
cause they require a certain degree of geometric misalign-
ment of the mini-disks, the effects of illumination by two
AGNs are less ubiquitous (i.e., they affect the shapes of
a smaller number of profiles in our database) than the
effects on the emission-line photons from the accretion
disk wind. When present however, illumination by two
AGNs tends to modify the profile shapes more dramati-
cally than the line-driven winds.
This point is illustrated in Figures 11, 12 and 13, which
compare the AIP-PS, FWQM-CS and AIP-CS statisti-
cal distributions for three different illumination scenar-
ios, respectively. The scenario involving illumination by
two AGNs is represented by the C-3DW-1 model, shown
in the first panel of all three figures. The second panel
illustrates the model in which each AGN is only allowed
to illuminate its own mini-disk (but not that of the com-
panion SBH) and both AGNs illuminate the circumbi-
nary disk. The last panel shows the distribution of pro-
files in the scenario in which only the AGN associated
with the secondary SBH illuminates all three disks, and
the primary AGN is assigned zero luminosity. The last
scenario is of interest for E12 and other spectroscopic
searches for binaries, which adopt in their interpretation
of the data an assumption that the AGN associated with
the secondary SBH is more luminous and outshines the
primary.
Figure 11 illustrates that illumination by a pair of
AGNs gives rise to a range of asymmetric profiles with
offset peaks which does not happen when only one AGN
illuminates each BLR. The latter scenario produces an
AIP-PS profile map that resembles the control sample
of typical AGNs, shown in Figure 8. The scenario with
only the secondary AGN as the source of illumination,
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Fig. 14.— Temporal evolution of profile shapes over one orbital cycle for an SBHB with q = 1/10 (panels 1 and 2 from the left) and
q = 9/11 (panels 3, 4 and 5). Red (blue) dots trace the velocity curve of the primary (secondary) SBH. Panel 1: Profiles calculated for
τ0 = 0.01 under the assumption that each AGN can only illuminate its own mini-disk and both AGNs illuminate the circumbinary disk.
Panel 2: Profiles calculated for τ0 = 0.01 under the (default) assumption that all three disks are illuminated by two AGNs. Panel 3:
Profiles calculated for τ0 = 0.01. Panel 4: Profiles calculated for τ0 = 1.0. Panel 5: Profiles calculated for optical depth τ0 = 0.01 for
orbital phases 10–15 and for τ0 = 1.0 in all other phases. Other parameters shared by all profiles in this figure are: a = 2500M , e = 0.0,
Rin1 = 500M1, Rin2 = 500M2, i = 20
◦, φ = 50◦, θ1 = 15◦, θ2 = 160◦, φ1 = 0◦, φ2 = 180◦. The phases 1–20 are equally spaced and
phase 1 (20) corresponds to f = 0◦ (342◦).
on the other hand, provides a distribution similar to the
C-3DW-1 model and the SBHB candidates.
In Figure 12, the first and second panels show pro-
file distributions that correspond more closely to that
of the control sample of non-binary AGNs in Figure 9
than the candidate SBHBs. The “secondary AGN only”
scenario, however, produces a distribution with a much
wider range of centroid shifts which does not have an ob-
vious visual resemblance with the profile distributions of
either of the observed samples.
In Figure 13 the scenarios with illumination from one
or both AGNs produce profile distributions comparable
to those of the observed sample of SBHB candidates
in Figure 10. In contrast, the scenario involving illu-
mination only by the secondary AGN produces a dis-
tinct distribution consisting of two dominant branches,
associated with the SBHB configurations with nearly
aligned disks (horizontal branch) and all other misaligned
configurations (diagonal branch). The last panel illus-
trates that the distribution of profiles associated with the
SBHB candidates, whether they are true binaries or not,
cannot seemingly be reproduced by scenarios in which
a single AGN illuminates one or two BLRs, and instead
requires more complex emission geometries.
In summary, a simple visual comparison of the sta-
tistical distributions of the modeled profiles with the
observed samples of SBHB candidates and non-binary
AGNs does not provide a clear indication as to which il-
lumination scenario (if any) provides the best description
of the data. We discuss the implications of this outcome
and describe a simple approach that can be used to com-
pare the simulated profiles to the data in Section A.5. It
also follows that the effect of illumination by two AGNs
can dramatically alter the shapes of emission-line profiles
for a subset of SBHB configurations in which the multi-
disk BLR is not co-planar. The non-axisymmetric illumi-
nation pattern by two AGNs implies that the emissivity
distribution of their BLRs is a function of the binary
orbital phase. Such emissivity distribution gives rise to
emission-line profiles with shapes that can vary on time
scales shorter than the SBHB orbital period. We de-
scribe the implications of the varying illumination and
obscuration for the profile variability in the next section.
4.3. Temporal variability of the modeled line profiles
In our model temporal variability of the emission-lines
can arise on the orbital time scale when profile modu-
lation is associated with the orbital motion of the SBH
mini-disks and/or with the changing illumination pattern
by two AGNs. Alternatively, profile variability can arise
on time scales different from the orbital time scale if it is
associated with the change in optical depth of the wind
along the line of sight. While we do not explicitly model
different temporal sequences for profiles with varying τ0,
they can be created by choosing the appropriate SBHB
and wind optical depth configurations from the synthetic
database.
The first panel of Figure 14 shows 20 orbital phases
within one orbital cycle of an SBHB system with q = 0.1
and remaining parameters as shown in the caption. Red
dots trace the modulation of the emission line profile as-
sociated with the orbital motion of the primary SBH
and the blue dots trace the secondary. An important
assumption made in the calculation of these profiles is
that each AGN can only illuminate its own mini-disk
and both AGNs illuminate the circumbinary disk, a sce-
nario presented in § 4.2. In this case, there are no sig-
nificant changes to the shape or width of the composite
profile and the wavelength shift is relatively small and
invisible to the eye. This can be understood because
at q = 0.1 the emission from the mini-disk of the pri-
mary SBH dominates over the mini-disk of the secondary,
since the ratio of their fluxes scales as F2/F1 ∝ q2 (see
equation 38 in Paper I). Note that the primary mini-disk
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dominates even if one accounts for the inversion of ac-
cretion rates in unequal mass binaries, where accretion
is expected to occur preferentially onto the smaller of the
SBHs. Specifically, in the q = 0.1 configuration consid-
ered above, the accretion rate onto the secondary SBH is
∼ 5 times higher than that of the primary7. Therefore,
even though the more luminous secondary AGN in our
model boosts the flux ratio by a factor of ∼ 5, this is
still insufficient for the secondary BLR to outshine the
primary BLR in the Balmer lines. At the same time, the
contribution to the profile flux from the circumbinary
disk is negligible in a majority of configurations in our
model, as illustrated in Figure 4.
The second panel of Figure 14 shows emission-line pro-
files associated with the same SBHB configuration but in
this case, illumination of all three disks by both AGNs is
allowed. Note that this is a default assumption used in
the calculation of all profiles in our database of modeled
profiles. Because this system consists of misaligned mini-
disks (as indicated by the angles θ1 and θ2), the geometry
of the system allows for illumination of the primary BLR
by the secondary AGN. This effect leads to a significant
change in the profile shape over the limited portion of
the orbital cycle, in phases 7–15. Therefore, even though
the contribution to the line flux from the secondary BLR
is negligible, the illumination by the secondary AGN is
not. As a result, the spectroscopic signatures of SBHBs
in circumbinary disks might be unique even when their
mass ratio is very low.
The remaining three panels of Figure 14 show different
phases of the same SBHB configuration with q = 9/11.
The effect of illumination by both AGNs is accounted for
in all profiles shown in these three panels. This system is
representative of SBHBs with q ∼ 1, surrounded by mini-
disks that make comparable contributions to the com-
posite emission-line profile. Because of their individual
modulation in wavelength over time (indicated by the red
and blue dots), the composite profile varies in both shape
and width throughout the orbital cycle, but exhibits in-
significant shift with respect to the rest frame of the host
galaxy. To illustrate the effect of the optical depth on the
profile shapes in this scenario we show the emission-lines
calculated for τ0 = 0.01 and 1.0 in the third and fourth
panels, respectively. The primary effect of the increased
optical depth in the disk wind is a transformation from
a broader and occasionally double-peaked emission-line
profile into a smoother and narrower single-peaked pro-
file.
To emulate a variable optical depth, in the fifth panel
we show the profiles calculated for τ0 = 0.01 in phases
10–15 and the remaining profiles corresponding to the
higher optical depth. Note that similar changes have
been seen in the broad Balmer emission lines of some
AGNs that are not SBHB candidates, which have been
observed to fluctuate between a double-peaked and a
single-peaked profile: NGC 5548 (Peterson et al. 1999;
Shapovalova et al. 2004; Sergeev et al. 2007), Pictor A
(Halpern & Eracleous 1994; Sulentic et al. 1995), and Ark
120 (Alloin et al. 1988; Marziani et al. 1992). The disk-
wind with changing optical depth has been suggested as
a viable explanation for the appearance of these sources
7 See equation 3 in Paper I for the description of the SBHB
accretion rate ratio.
(Flohic et al. 2012).
In summary, we find that orbital modulation in a bi-
nary with small q, in which both black holes are shining
as AGN, results in smaller radial velocity offsets of the
emission-line profiles, determined by the velocity curve of
the primary. Equal mass binaries exhibit no radial veloc-
ity offsets in binary AGN systems due to symmetry but
their profiles show plenty of variation in shape on the or-
bital time scale. The disk wind has a weak impact on the
radial velocity offsets or profile variability and its main
effect is to make the profiles smoother and single-peaked.
The most dramatic variations in shape are caused by il-
lumination of one mini-disk by a companion AGN. The
properties of the profile that show the biggest changes
are the asymmetry (AIP) and peak shift (PS), whereas
FWHM is not so strongly impacted. The effect is only
noticeable over a fraction of the orbital cycle, suggesting
that if present in real SBHBs, only a fraction of binaries
should be affected by it at any given time.
4.4. Implications for the observed variable profiles
The configuration in the fourth panel of Figure 14 is
chosen to mimic the variability of the Hβ profiles ob-
served in NGC 5548 (see Figure 5 of Li et al. 2016), which
has been proposed as a nearby SBHB candidate with an
orbital period of 14–16 years (see also Bon et al. 2016).
This orbital period corresponds to a 108M SBHB with
an orbital separation close to 2500M , similar to the ex-
ample shown here. It is worth noting that this apparent
similarity in profile shapes does not provide a proof of bi-
narity for NGC 5548, because it does not rule out other
non-SBHB mechanisms, which in principle may produce
a similar sequence of profiles. However, should the bi-
nary hypothesis for NGC 5548 be confirmed, our model
suggests that this is likely to be an SBHB with q ∼ 1
and misaligned mini-disks, which allow for the changing
illumination by the two AGNs.
The emission-line profiles that exhibit significant
change in their shapes from one epoch of observation to
another, similar to those shown for the high mass ratio
SBHB in Figure 14, represent a practical challenge for the
spectroscopic searches for SBHBs which seek to measure
the wavelength shift of the entire profile. As discussed
in publications reporting on the E12 search, evolution of
profile shape makes it very difficult to discern the shift
of the bulk of the profile, as the former may mimic the
latter. For example, Runnoe et al. (2017) report reli-
able and statistically significant measurements of radial
velocity changes in 29/88 SBHB candidates, which ex-
hibit no variability in the shape of the broad Hβ profile
over the length of the monitoring campaign. In this con-
text, E12 hypothesize that these 29 profiles correspond to
the SBHB systems, where the mini-disk of the secondary
SBH is the dominant contributor to the Hβ line flux8
and as a result, the composite profile does not change in
shape or width over the observed portion of the orbital
cycle.
In the context of our model the 29 candidates with
relatively stable profile shapes may correspond to con-
8 The SBHB interpretation adopted by E12 and other spectro-
scopic searches also leaves room for the primary mini-disk to be
the dominant contributor to the emission-line, given a binary with
the mass larger by a factor q−3.
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figurations in which the evolution of the profile shapes
is slower and is not discernible on the monitoring time
scale of few to ten years. This may indicate a longer pe-
riod binary (with orbital period of a few hundred years)
or a system where either the primary or the secondary
BLR dominate the emission-line flux over some fraction
of the orbit. Since this behavior is consistent with a rel-
atively diverse set of SBHB configurations in our model
we cannot make more detailed inferences about the cor-
responding orbital separations and mass ratios.
Furthermore, 49/88 SBHB candidates in the E12 sam-
ple are characterized by variable profiles which preclude
the radial velocity measurements, and the rest show no
measurable radial velocity changes. By implication, the
49 candidates with variable profile shapes are consistent
with q > 0.1 configurations modeled in this work, and
with small separation binaries (a . 104M) with mis-
aligned disks, in which changing illumination by the two
AGNs plays an important role over the observed portion
of the orbit.
5. DISCUSSION
Because the model presented here is developed from
the same basic principles as the first-generation model
presented in Paper I, many of the assumptions are shared
by both. We direct the reader to Paper I for discussion
of the implications of these simplifying assumptions and
only address the new aspects of the model here.
One important assumption of the first-generation
model, that is relaxed in this work, pertains to the ef-
fect of feedback from the binary AGN on the emission
signatures of SBHBs in circumbinary disks. Specifically,
in the second-generation model we assume that the ra-
diation pressure from the two AGNs is capable of driv-
ing winds and outflows, which change the effective line
optical depth of the emitting gas. As described in previ-
ous sections, this results in simpler, mostly single-peaked
emission line profiles, which resemble those of observed
SBHB candidates and AGNs in general. However, this
addition to the model inevitably makes it more complex,
as it requires the introduction of new parameters to de-
scribe the properties of the accretion disk wind. The pri-
mary effect of the increase in the number of parameters
is the increased degeneracy in the relationship between
the properties of the emission-line profiles and the un-
derlying SBHB parameters. We show in § 3.3 that the
correlations between profile distribution functions and
the SBHB parameters identified in the first-generation
model are nevertheless preserved, indicating that their
diagnostic power is not diminished.
Along similar lines, the calculation of radiative transfer
requires several assumptions about the properties of the
accretion disk wind. The main one is that the Sobolev
approximation is applicable to the accretion disk winds
arising in the BLRs of SBHB systems. In this regime the
photons that are not absorbed within one Sobolev length
from the point of emission (or in the case of a disk, from
the emission layer) can escape to infinity, provided that
the velocity of the wind projected onto the line of sight
is monotonically increasing (see Appendix A.2). This
condition is likely satisfied in regular AGNs, in which
accretion disk winds are expected to accelerate radially
out (Proga et al. 2000; Proga & Kallman 2004).
In our model we also make a simplifying assumption
that the two mini-disks have the same disk-wind optical
depth. It is therefore worth understanding how differ-
ent the physical conditions can be in the two SBH mini-
disks, which tend to contribute most of the flux to the
composite Hβ line profile. In our model, which is mo-
tivated by hydrodynamic simulations of SBHBs in cir-
cumbinary disks, the largest contrast between the SBH
mass ratios is m˙ = M˙2/M˙1 ≈ 5, for circular binaries
with mass ratio q = 1/10 (see equation 3 in Paper I).
In terms of the Eddington normalized mass ratios this
implies m˙/q ≈ 50. If the emission-lines from SBH mini-
disks respond to the continuum radiation in the same
way as in regular AGNs, the higher relative luminosity
of the secondary AGN would result in a lower equivalent
width of the Hβ emission-line profile contributed by the
secondary mini-disk (correlation known as the Baldwin
effect; Baldwin 1977). In the context of our calculation,
this implies a reduction in the contribution to the com-
posite Hβ profile from the secondary mini-disk, an effect
not captured by our model. The effect is weaker for cir-
cular binaries with larger SBH mass ratios and for all
eccentric SBHBs, and it disappears in all configurations
when q = 1.
The geometry and kinematics of radiation driven out-
flows in SBHB systems are unknown. In the absence of
any other constraints we assume that in a binary the disk
wind driven by each AGN extends over the entire surface
of its BLR and is not affected by the wind from the com-
panion disk. We also assume that the properties of the
disk wind (e.g., mass density and velocity profile) in each
BLR are similar to regular AGNs. If, on the other hand,
the outflows from the two mini-disks are interacting and
colliding, the velocity field in the wind can become non-
monotonic and the local escape probability defined in
equation 2 would cease to be a good description of radia-
tion transport. One would instead have a more complex
distribution of the line optical depth across one or both
mini-disks, which would in turn give rise to more complex
profiles (Rybicki & Hummer 1978).
It is also not clear whether the outflows can extend
from the mini-disks into the circumbinary disk, especially
in configurations in which they are not co-planar. In this
work we consider configurations in which the circumbi-
nary disk is (a) either not affected by the disk wind (2DW
models) or (b) has an accretion disk wind which is ra-
dial and axisymmetric, as if driven by a single, central
AGN (3DW models). When it comes to the 2DW suite
of models, a model which is clearly inconsistent with the
observed sample of SBHB candidates (and appears more
like regular AGNs) is C-2DW-100, in which the emission
from the mini-disks is suppressed due to the high optical
depth (τ0 = 100) and the emission from the circumbi-
nary disk dominates. In the case of the 3DW models,
the circumbinary disk affected by a wind makes a neg-
ligible contribution to the flux of the composite profile
and hence, we do not expect the assumptions in (b) to
strongly affect our results.
The dependence on the physical parameters of the
SBHB makes the broad emission-line profiles a promising
diagnostic once a sample of genuine sub-parsec binaries
is available. At this point, a comparison of the probabil-
ity density distributions of modeled profiles with those
from observed SBHB candidates (§ 3.3 and 4.1) suggests
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that, if the observed sample is made up of real binaries,
it must include smaller separation SBHBs (a  106 rg)
with misaligned disks and high mass ratios. While this is
intriguing, a visual comparison of the distributions does
not provide conclusive evidence that they overlap or are
drawn from some larger, common distribution. We nev-
ertheless perform a simple comparison and find that the
shapes of the emission-line profiles from a sample of ob-
served SBHB candidates are more consistent with the
binary model than are regular AGNs (see Appendix A.5
for more details).
A point worth reiterating is that other physical pro-
cesses can potentially mimic the emission signatures of
SBHBs discussed here. These include but are not limited
to the recoiling SBHs (Blecha et al. 2016) and local and
global instabilities in single SBH accretion disks that can
give rise to transient bright spots and spiral arms (Flo-
hic & Eracleous 2008; Lewis et al. 2010). In that sense,
the model described in this paper can be used to inter-
pret observed emission line profiles in the context of the
SBHB model but cannot be used to prove that they orig-
inate with genuine SBHB systems. For example, profiles
of SBHB candidates observed in multiple epochs can be
compared against the synthetic database individually, in
order to determine the likelihood distribution for under-
lying SBHB parameters for each profile independently.
The entire time series of observed profiles can also be
compared against the time series of matching modeled
profiles as an added consistency check for the inferred
SBHB parameters. We defer this type of analysis to Pa-
per III of the series.
6. CONCLUSIONS
We present an improved semi-analytic model to de-
scribe the spectral emission-line signatures of sub-parsec
SBHBs. This work is a follow-up to Nguyen & Bog-
danovic´ (2016), in which we showed that the broad op-
tical emission-line profiles associated with SBHBs in cir-
cumbinary disks can in principle be used as diagnostic
tools to constrain the distribution of the binary semi-
major axis, the mass ratio and the alignment of the
triple-disk system.
The second-generation model improves upon the treat-
ment of radiative transfer by taking into account the
effect of the radiation driven, accretion disk winds on
the modeled emission-line profiles. Under the influence
of accretion disk winds the emission-line profiles appear
narrower, more symmetric, and predominantly single-
peaked. All correlations between the profile shape pa-
rameters and SBHB parameters identified in the first-
generation model are nevertheless preserved, indicating
that their diagnostic power is not diminished. Analy-
sis of 42.5 million modeled emission-line profiles reveals
that their shapes are a better indicator of the binary or-
bital separation and the degree of misalignment in the
triple disk system, and are less sensitive to the SBHB
mass ratio and orbital eccentricity. These findings can
guide expectations related to the diagnostic value and
limitations of the emission-line profiles in spectroscopic
searches for SBHBs.
The emission-line profiles presented in this work have
been calculated assuming that each accreting SBH can
shine as an AGN and illuminate its own mini-disk as well
as the two other disks in the system. The illumination
by two AGNs gives rise to the characteristic emission-line
profiles, with shapes distinct from those produced by a
single BLR illuminated by the central AGN. Moreover, as
a consequence of the evolving illumination pattern from
the two AGNs, the emission-line profiles associated with
the SBHBs in circumbinary disks can exhibit significant
variability on the orbital time scale of the system. We
identify this as a key spectroscopic signature of the SBHB
systems but cannot rule out a possibility that these fea-
tures are mimicked by transient bright spots and spiral
arms in single SBH accretion disks. We defer this ques-
tion to a separate paper.
We perform a comparison of the modeled emission-
line profiles with those for the observed SBHB candi-
dates and a control sample of (non-binary) AGNs from
the E12 sample. We find that the profile shapes from a
sample of SBHB candidates are more consistent with the
binary model than are regular AGNs. Furthermore, the
comparison of the modeled profiles with the SBHB can-
didates indicates that, if the observed sample comprises
genuine binaries, it must include systems with smaller
separations (a  106 rg), comparable masses, and mis-
aligned (or possibly warped) mini-disks. Similarly, if all
candidates are shown to be genuine SBHBs, this would
require their BLRs to be enshrouded in disk winds with
optical depth & 0.1.
Finally, we emphasize that the model described in this
paper cannot be used to prove that the observed SBHB
candidates are real binaries but it can be used to inter-
pret the observed emission-line profiles once a sample of
confirmed SBHBs is available. In anticipation of this out-
come, we envision a framework within which the profiles
of SBHBs obtained in multiple epochs of observation can
be mapped into the synthetic database individually and
as a time sequence, in order to determine the most likely
values of the underlying SBHB parameters. We defer
this analysis to Paper III of the series.
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APPENDIX
A. IMPLEMENTATION OF THE DISK WIND MODEL
In this section we describe the new elements in the calculation of the broad optical emission-line profiles, introduced
as a part of the disk wind model. We refer the reader to Paper I for the description of geometry of a triple disk system
and main steps in the calculation of the composite emission-line profiles. The same geometry and procedure are also
used in this work. As before, we adopt the disk emitter model (Chen et al. 1989; Chen & Halpern 1989; Eracleous
et al. 1995) to describe the line flux emitted by each individual disk in the system. In this context the flux of the
broad emission-line profile measured in the observer’s frame is an integral over the surface of the emitting disk defined
in terms of the properties in the disk frame:
Fν(νobs) =
M2ν0
d2
2pi∫
0
ξout∫
ξin
Iν(ξ, ϕ, νturb)D
3
rot
(
1− 2
ξ
)− 12
ξ dξ dϕ . (A1)
Here we assume that the emitting disk is geometrically thin and that emission arises from the θ ≈ 90◦ plane. M is
the mass of the central black hole, ν0 is the rest frequency of the emission line, d is the distance from the center of
the disk to the observer, ξ = r/M is the radius in the disk in dimensionless units, ξin and ξout are the inner and outer
edges of the emission region, respectively, and ϕ is the azimuthal angle measured in the plane of the disk (note that
ϕ is different from φ defined in Section 2.1 and Table 1). Drot is the relativistic Doppler factor.
Iν(ξ, ϕ, νturb) is the specific intensity of light emitted at a polar coordinate (ξ, ϕ) and frequency νturb. In the disk
wind model
Iν(ξ, ϕ, νturb) =
βe
4pi
(ξ, ϕ)
(2pi)1/2σ
exp[−(νturb − ν0)2/2σ2] . (A2)
Recall that the emissivity of a BLR illuminated by a single, central AGN is axisymmetric and thus independent on
ϕ. In our model however, every disk in the system is illuminated by two AGNs, giving rise to a non-axisymmetric
emissivity pattern encoded in (ξ, ϕ), as defined in equations 28–31 of Paper I. The broadening of the emission line
profiles is assumed to be due to the turbulent velocity of the disk, σ, and is described as a Gaussian distribution
around ν0.
The new element of the calculation is the modification of the disk emissivity by absorption of line photons in the
disk wind. The absorption is characterized by a photon escape probability, βe(r, sˆ), which represents the probability
for an emission-line photon, emitted from the surface of the disk at a location r, to escape the wind in the direction
of the line of sight defined by the unit vector sˆ. The escape probability is a function of the line optical depth of the
wind (equation 2), which in turn depends on the density and velocity field of the wind. We describe how are these
properties modeled in the next sections.
A.1. Velocity field of the disk wind
We describe the three-dimensional velocity field of the wind in terms of the spherical velocity components vr, vθ and
vϕ, defined with respect to the center of the disk, which is located in the xy plane and has the angular momentum
vector aligned with the positive z-axis. Following the formalism developed for isotropic stellar winds we express the
poloidal component of the velocity along a streamline, vp = vr + vθ, as an increasing function of distance from the
launching point
vp(r) = v∞
(
1− b rf
r
)γ
(A3)
(see Kudritzki & Puls 2000). The parameter b = 1− [vp(rf )/v∞]1/γ is related to the ratio between the initial velocity
of the wind at the launching point (i.e., at the foot-point of the streamline) and its terminal velocity far downstream.
For the purposes of this work we choose b = 0.7. The parameter γ is expected to range from 1.06 for quasars to 1.3
for Seyferts (see Murray et al. 1995), and we choose γ = 1.2 as a representative intermediate value. Following Chiang
& Murray (1996) and Flohic et al. (2012), we also adopt v∞(rf ) = 4.7(GM/rf )1/2 and the velocity components
vr = vp cosλ , vθ = −vp sinλ and vϕ =
(
GM
r
)1/2
, (A4)
respectively. Here λ = λ(Rin)(Rin/r) is the wind opening angle, measured between the streamline and the disk, and
λ(Rin) = 10
◦, as defined in equation 1 and shown in Figure 1. These choices imply the finite poloidal and azimuthal
velocity at the foot-point of the wind, vp(rf ) = vϕ(rf ) = (GM/rf )
1/2, which combined in quadrature equal the escape
velocity from the SBH. Moreover, all velocity components are characterized by non-zero velocity gradients, as required
by the Sobolev method. Note also that the symmetry of a single disk system requires that vθ = −vp sinλ when i < 90◦,
and vθ = vp sinλ when i > 90
◦.
It is worth noting that our choices for b and γ are different from those previously used in the literature. For example
Chiang & Murray (1996) and Flohic et al. (2012) choose b = 1, which leads to a simplification of the model because
vp(rf ) vanishes in that case, implying that the wind starts with the zero velocity and accelerates outwards. This
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simplification in turn necessitates that the value of γ is exactly 1, because for any other value the gradient at the
foot-point of the streamline ∂vp/∂r = 0, thus violating the requirement for high velocity gradients in the Sobolev
method.
A.2. Velocity gradient of the wind along the line of sight, Q
In this section we outline the calculation of the velocity gradient of the wind along the line of sight, given the velocity
field of the wind defined above. As laid out in Section 2.2, the velocity gradient can be expressed as an inner product,
Q = sˆ · Λ · sˆ, of the strain tensor along a given line of sight. Without loss of generality, we assume that a distant
observer is located in the xz plane at an inclination angle, i, relative to the z-axis. Hence, the direction of the line of
sight, pointing from any point on the disk to the distant observer is given by
sˆ = cos i zˆ + sin i xˆ = sin i cosϕ rˆ − cos i θˆ − sin i sinϕ ϕˆ . (A5)
Here we use the relationships between the unit vectors in the Cartesian and spherical-polar coordinate systems,
xˆ = sin θ cosϕ rˆ + cos θ cosϕ θˆ − sinϕ ϕˆ and zˆ = cos θ rˆ − sin θ θˆ. Setting θ = 90◦ for any point on the surface of the
disk and expanding the inner products yields
Q = sin2 i
[
cos2 ϕΛrr − 2 sinϕ cosϕΛrϕ + sin2 ϕΛϕϕ
]− |cos i| [2 sin i cosϕΛrθ − |cos i|Λθθ − 2 sin i sinϕΛθϕ] , (A6)
where the absolute value of cos i ensures the symmetry of solutions above and below the accretion disk, such that
Q(i) = Q(180◦ − i). It is worth noting that equation A6 is consistent with the equation 8 in Chajet & Hall (2013),
who pointed out and corrected the sign error affecting the cos i terms in the expression for Q in Murray & Chiang
(1997), in their equation 15.
For an azimuthally symmetric disk wind (∂/∂ϕ = 0) with a small opening angle (cosλ ≈ 1), the components of the
symmetric strain tensor Λ in spherical coordinates are:
Λrr =
∂vr
∂r
=
C1
κM
ξ−3/2 , (A7)
Λθθ =
1
r
∂vθ
∂θ
+
vr
r
=
∂vr
∂r
+
vr
r
=
C1 + C2
κM
ξ−3/2 , (A8)
Λϕϕ =
1
r sin θ
∂vϕ
∂ϕ
+
vr
r
+
vθ cot θ
r
=
vr
r
=
C2
κM
ξ−3/2 , (A9)
Λθϕ =
sin θ
2r
∂
∂θ
( vϕ
sin θ
)
+
1
2r sin θ
∂vθ
∂ϕ
=
1
2r
∂vϕ
∂θ
=
1
4 sinλ
vϕ
r
=
1
4M sinλ
ξ−3/2 , (A10)
Λrϕ =
1
2r sin θ
∂vr
∂ϕ
+
r
2
∂
∂r
(vϕ
r
)
=
r
2
∂
∂r
(vϕ
r
)
= − 3
4M
ξ−3/2 , (A11)
Λrθ =
r
2
∂
∂r
(vθ
r
)
+
1
2r
∂vr
∂θ
=
1
κM
[
sinλ
2
C2 −
(
sinλ
2
+
1
2 sinλ
)
C1
]
ξ−3/2 , (A12)
where C1 ≡ γ b(1 − b)(γ−1), C2 ≡ (1 − b)γ and κ ≡ 1/4.7 are constants used to simplify the expressions. We use
the following relationships to calculate the components of Λ on the surface of the disk and set rf = r, as different
streamlines are anchored to different radii in the disk
vr = vp cosλ ≈ vp (A13)
vr
r
= (1− b)γ v∞
r
=
C2
κ
ξ−1/2r−1 =
C2
κM
ξ−3/2 , (A14)
∂vr
∂r
=
∂vp
∂r
= γ b(1− b)(γ−1) v∞
r
=
C1
κM
ξ−3/2 , (A15)
∂
∂θ
= − r
sinλ
∂
∂r
, (A16)
where v∞ = ξ−1/2/κ, as defined above. Note that the factor of M in the denominator of equations A7–A12 arises
from the conversion of the disk radius into geometric units. It follows that Λ, and consequently Q, are expressed in
geometric units of time, M−1, as noted in Section 2.2.
Figure 15 shows the maps of the velocity gradient along the line of sight for different realizations of the velocity field
of the wind (encoded in parameters b and γ). Each panel also shows the resulting emission line (here shown as the Hα
profile) associated with a given disk wind configuration. Note that because τ ∝ Q−1, the larger values of Q correspond
to the regions of lower optical depth in the disk and vice versa. The top left panel shows a double-peaked emission-line
profile from a disk with no accretion disk wind, as seen by a distant observer placed on the horizontal axis extending
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Fig. 15.— Maps of the velocity gradient along the line of sight, Q, shown for different realizations of the velocity field of the wind,
parametrized in terms of b and γ, and for two different orientations of the observer’s line of sight, i. The observer is located on the right and
above the page, at an angle i relative to the normal to the page. The rotation of the disk is counter-clockwise. Each panel also shows the
resulting Hβ emission-line profile associated with a given disk wind configuration. Pink vertical line at 4860.09A˚ marks the rest wavelength
of the Hβ emission line.
to the right of the disk to infinity, at inclination i = 60◦. The top middle panel shows the map corresponding to the
choices of b and γ adopted in this work. Note that the regions of highest optical depth are expected to coincide with
the regions in the disk that give rise to the largest Doppler shifts of emitted photons, as seen by a distant observer.
As a consequence, these photons are missing from the profile, giving rise a narrower, single-peaked emission-line.
The top right panel of Figure 15 shows the velocity gradient map for the choice of b and γ adopted by Chiang &
Murray (1996) and Flohic et al. (2012), which result in the emission-line profiles effectively indistinguishable from those
in our model. The left and center panels in the bottom row illustrate the appearance of the velocity gradient map for
the arbitrary values of b and γ, considerably different from those inferred in AGNs. Finally, the bottom right panel
shows the resulting map and profile calculated for a combination of γ 6= 1 and b = 1 that violates the assumptions
used in the Sobolev approximation (see the last paragraph of the previous section).
A.3. Density profile of the wind
We describe the density of the wind as a decreasing function of radius from the central SBH, ρ ∝ r−η, where η > 0
is the density index. In order to understand the range of plausible values for η we consider two different disk wind
geometries in the context of the continuity equation
∂ρ
∂t
+∇ · (ρv) = 0 . (A17)
For a steady state, azimuthally symmetric wind the continuity equation must satisfy conditions ∂/∂t = 0 and ∂/∂ϕ = 0.
In spherical coordinates, this gives
1
r2
∂
(
r2ρvr
)
∂r
+
1
r sin θ
∂ (ρvθ sin θ)
∂θ
= 0 . (A18)
This equation can be further simplified if one considers a disk wind emerging from the emitting layer with θ = 90◦
∂ (ρvr)
∂r
+
2ρvr
r
+
1
r
∂ (ρvθ)
∂θ
= 0 . (A19)
Using the definition of vθ from equation A4, as well as A16, and assuming a small opening angle of the wind streamlines,
sinλ ≈ λ ∝ 1/r, the third term in the above equation can be approximated as
1
r
∂ (ρvθ)
∂θ
≈ ∂ (ρvr)
∂r
− ρvr
r
. (A20)
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Fig. 16.— Hβ broad emission-line profiles from a circular disk calculated for different values of the disk wind optical depth, τ0: 10−4
(black, solid), 10−2 (maroon, long-dash), 10−1 (blue, dashed), 1 (green, dotted), 10 (yellow, long-dash-dot) and 102 (red, dash-dot). Pink
vertical line at 4860.09A˚ marks the rest wavelength of the Hβ emission line. The parameters used in calculation of the profiles are:
ξin = 500M , ξout = 10, 000M , i = 60
◦, σ = 850 km s−1,  ∝ r−3, γ = 1.2, b = 0.7, η = 1, and λ(Rin) = 10◦.
Using this in equation A19 gives
2
∂ (ρvr)
∂r
+
(ρvr)
r
= 0 (A21)
and consequently (ρvr) ∝ r−1/2. Since vr(r = rf ) ∝ v∞ ∝ r−1/2 it follows that the wind mass density must be
constant as a function of radius, ρ ∝ r0. Therefore, a steady state, azimuthally symmetric wind, characterized by a
small opening angle, is well described by the density index η = 0.
Repeating the same exercise for a steady state, spherically symmetric wind, one obtains η = 1.5. In this case the
continuity equation A18 reduces to:
∂
(
r2ρvr
)
∂r
= 0 (A22)
which yields (ρvr) ∝ r−2 and hence ρ ∝ r−1.5. In this work we choose η = 1 as a representative intermediate value.
A.4. Optical depth of the wind
The final ingredient in the calculation of the optical depth of the disk wind is the normalization factor, τ0 = κ ρ0 σ,
used in equation 4. In this form τ0 is used to define the optical depth of the surface layer at the inner edge of the
BLR, in the direction perpendicular to the disk plane, so that τ ≈ 5τ0 (7τ0) at Rin,i = 500Mi (1000Mi). It is worth
emphasizing that τ0 dimensionally represents optical depth scaled by the mass of the disk’s central SBH, ∝ M−1i .
Combined with the velocity gradient of the wind along the line of sight, Q, which exhibits the same dependence, it
results in the dimensionless parameter τ .
As noted in § 2.2, the emission line profiles in this work are calculated for a range of optical depths, given by
τ0 = 10
−4, 0.1, 1, 100. In addition to these Paper I presents emission-line profiles for τ0 = 0, for a model without
the disk wind. Because the profiles calculated for τ0 = 0 and 10
−4 are very similar, we use them interchangeably.
Moreover, we verify that profile shapes do not change in shape once τ0 > 100 and do not explore the values of optical
depth beyond this threshold. Such high line optical depths effectively imply a weak profile that would be difficult to
discern in real spectra, due to the low contrast with respect to the continuum and the presence of noise.
Figure 16 illustrates the transition from the broader, double-peaked to the narrower, single-peaked emission-line
profiles with increasing optical depth. They are included for comparison with the previously published works, as well
as an intermediate verification step for those wishing to reproduce this calculation. The profiles are from a circular
disk, illuminated by a single, central AGN and calculated for values of τ0 and other parameters used in this work.
As discussed in § 3.1 and § 3.2, a similar trend is also reflected in the composite profiles calculated from triple disk
configurations of BLRs in circumbinary regions.
A.5. Comparison of modeled emission-line profiles to the observed profiles
This test is not straightforward to carry out due to several differences in the way the synthetic and observed samples
were constructed. Firstly, in the synthetic sample we choose uniform distributions of the SBHB parameters (shown
in Table 1) in order to obtain a uniform but not necessarily dense coverage of the SBHB parameter space. We prefer
this agnostic approach to modeling because the distribution functions for various SBHB parameters are still not well
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TABLE 3
Comparison of observed and modeled datasets
x− y Rx−y x− y Rx−y
AIP-PS* 0.20 KI-CS 0.55
FWHM-C 0.32 AIP-CS* 0.63
FWQM-CS* 0.34 KI-σ2 0.79
FWHM-AI 0.40 KI-AI 0.90
FWHM-AIP 0.45 AIP-σ2 0.94
Note. — AIP - Pearson skewness coefficient. PS - Peak shift. FWHM, FWQM - Full width at half and quarter
maximum, respectively. C - Location of the centroid. CS - Centroid shift. AI - Asymmetry index. KI - Kurtosis
index. σ2 - Second moment. * Marks distributions presented in this work.
constrained. Something that can be expected with a reasonable level of confidence however is that the mass ratios and
orbital separations of the observed set of SBHBs are not uniformly distributed. Moreover, the fact that our database
has finite size inevitably means that we are not capturing all profile shapes that an SBHBs in circumbinary disks
might have. Consequently, the statistical distribution functions for simulated profiles in Figures 5 – 7 and those for
the observed sample shown in Figures 8 – 10, may share some subset of profiles but they are not drawn from the same
parent distribution, and in the case of the synthetic profiles, not in a random way.
Secondly, the observed SBHB candidates have been selected based on a few more criteria, which we do not apply
to the modeled profiles. Specifically, the SBHB candidates selected for further monitoring by E12 have the broad
component of the emission-line profile offset by & 1000 km s−1, a practical requirement that makes it easier to separate
the broad and narrow components of the line during the analysis. Our database however includes profiles with all
values of velocity offsets, including those with < 1000 km s−1. Similarly, E12 only choose for followup candidates with
the Hβ emission-line profiles which in the first epoch of observation appear single-peaked before subtraction of the
narrow Hβ and [O iii] lines. Since we only model the emission from the BLR, we cannot predict the appearance of the
profiles with superimposed narrow-line emission. We instead compare our modeled profiles directly to the broad-line
component of the observed Hβ profiles (see Runnoe et al. 2015, for discussion of a method for subtraction of the narrow
lines.). These differences preclude us from carrying out an apples-to-apples comparison of the modeled and observed
line profiles at this point.
We can nevertheless perform a relative comparison by asking: are the modeled profiles more similar to the profiles
of SBHB candidates or the control sample of regular AGN? For this test we design a following simple statistic
Rx−y =
∑
i
∑
j (PSBHB(xi, yj)− Pmod(xi, yj))2∑
i
∑
j (PAGN(xi, yj)− Pmod(xi, yj))2
(A23)
where Pmod, PSBHB, and PAGN represent the two-dimensional probability distributions of profiles drawn from the
modeled, the SBHB candidate, and the regular AGN sample, respectively. Each distribution represents the probability
of finding a profile in a given “pixel” of a discretized two-dimensional map, for which coordinates (xi, yj) mark the
center of the pixel with the width ∆x and ∆y. For the purpose of this comparison we choose the size of each pixel to
be a hundredth of the full numerical range of a distribution, i.e. ∆x = (xmax − xmin) /100. We have confirmed that
this choice does not affect the value of Rx−y by comparing the smoothed distributions of the observed and modeled
profiles for a variety of grid sizes, ranging from 25 × 25 to 1000 × 1000. Defined in this way Rx−y becomes a simple
test of similarity in the overall shape of the two-dimensional distributions, without any a priory assumptions about
their origin.
Table 3 shows Rx−y values calculated for different profile shape parameters commonly used to analyze the emission-
line profiles (see Paper I for their definitions). The synthetic profiles used in calculation of Rx−y are drawn from the
model C-3DW-100. In order to mimic the selection process of the E12 search as closely as possible, before calculating
Pmod we remove profiles with peak shifts < 1000 km s
−1 and those that have more than one peak from the modeled
sample. In this statistic, Rx−y = 0 when the probability distribution of the SBHB candidates is precisely matching
that of the modeled profiles. The values of Rx−y < 1 correspond to a higher degree of similarity between the modeled
and SBHB candidate profiles than the modeled and regular AGN profiles. Conversely, Rx−y > 1 indicates a higher
degree of similarity between the modeled and regular AGN profiles than the modeled and candidate SBHB profiles.
As it can be seen from Table 3, Rx−y < 1 for all statistical distribution pairs, where we mark with an asterisk
the pairs presented in Figures throughout this work. It is worth noting that the distributions that we have a priori
identified as more robust, because they measure the dominant features in the bulk of the profile (AIP, PS, CS similar
to C, FWHM similar to FWQM), favor similarity between the observed SBHB candidate and modeled profiles. On
the other hand, higher moments of the profile flux distribution, which tend to be more easily affected by the noise (σ2,
AI, KI), on average result in higher values of Rx−y. This simple comparison therefore seems to support the hypothesis
that the shapes of the emission-line profiles from a sample of observed SBHB candidates are more consistent with the
binary model than are regular AGNs.
A related pertinent question is: how large an observed SBHB sample should be for a meaningful statistical comparison
between the observed and synthetic profiles? Since 2D profile distributions, like AIP-PS shown in the top left panel of
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Figure 5, are described by their shape and dynamic range (illustrated by color), we want to find the minimum number
of profiles needed to represent the shape and colors of this distribution. The AIP-PS distribution shown in the top
left panel of Figure 5 has N = 12 million profiles and spans a dynamic range of 6 orders of magnitude. We use the
Cochran’s formula (Cochran 1977) to estimate a sample size large enough so that there is a finite number of profiles
within the yellow (or red, or green) color region of the figure with 95% confidence.
n =
Nn0
N + n0 − 1 and n0 =
Z2P (1− P )
e2
. (A24)
Here n and N are the sizes of the sample and the entire population, respectively. The parameter n0 asymptotes to
n in the limit when N approaches infinity. P is a proportion of the profiles with the relevant attribute (color) in
the population. Since we want to draw profiles that represent the yellow color region of the distribution, we estimate
Pyellow ≈ 102.5/106 = 10−3.5, where the exponents 2.5 and 6 correspond to the values on the color bar. Z represents
the number of standard deviations away from the expected proportion Pyellow in a normal distribution (also often
referred to as “sigma”). For example, 95% confidence level corresponds to Z = 1.96 ≈ 2. The parameter e determines
the margin of error, so that the sample will have some fraction of profiles in the yellow region, within the range
[Pyellow ± e]. Since the value of Pyellow is small, we can choose e = Pyellow, so that the fraction of profiles in the sample
drawn from the yellow region is in the range from 0 to 2Pyellow.
With these values, we can estimate that the sample size of profiles, required to meaningfully reproduce the distri-
bution of profiles in Figure 5, down to at least the green, yellow, red contour region, is approximately ngreen ∼ 103,
nyellow ∼ 104 and nred ∼ 105, respectively. In the context of comparisons carried out in this work, these numbers can
be interpreted as the minimum number of observed spectra necessary to compare the distributions of the observed and
synthetic profiles. As described in paragraph 2 of Section 4, at the time of this analysis we used 330 spectra of SBHB
candidates, and 527 spectra of control sample AGNs. These numbers indicate that at present time a comparison can
be made at the level of the blue and green contour regions in Figure 5, with a confidence level of only Z ≈ 1 (or
about 60 − 70%). Future surveys are however expected to increase the number of AGN spectra (and spectra time
series) by 1− 2 orders of magnitude, so we anticipate that our models will be useful beyond the comparison with the
current data. Similar analysis applies to the remaining profile distributions. We defer a more detailed comparison of
individual profiles of SBHB candidates with the synthetic database to Paper III of the series.
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